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a b s t r a c t
This study, performed in the context of GAYA project, focuses on the development of a
simple predictive model about steam gasification of char from woodchips fast pyrolysis.
A semi-empirical model was developed through experiments in a macro thermogravi-
metric analyzer which owns the peculiar ability of fast heating, as well as to deal with
macro-size particles and higher mass loads compared to conventional TGA. The exper-
imental results show that gasification is controlled by chemical kinetics and internal
transfer phenomena. During gasification, char particles can be considered as isothermal
in a given range of temperatures and particle sizes, more likely for low values. The
gasification model was based on the effectiveness factor, which involves the chemical
kinetics and diffusion rate. The chemical kinetics were expressed by a classical Arrhe-
nius law, whereas empirical expressions from mathematical fitting of the experimental
data were established for the diffusion coefficient and surface function. The diffusion
coefficient from this work is suspected to probably include supplementary rate limiting
phenomena, apart from steam porous diffusion, such as H2 inhibition and/or the
decrease of temperature within char particles because of the endothermic character of
gasification. The model globally predicts with accuracy the gasification rate in
typical operating conditions of a fluidized bed reactor. For its simplicity and reliability,
this approach can be used for the modelling of char gasification in the conditions of
interest.
1. Introduction
Biomass gasification is a process with a high potential for
energetic transition, as it represents a sustainable alternative
for fossil fuels with low greenhouse gas emission. Through
this process, biomass is decomposed into a gas mixture,
mainly composed of H2 and CO, due to the action of heat and
chemical reagents such as H2O, CO2 or O2 in stoichiometric
default. The gas produced by gasification has many energetic
applications, as the synthesis of biomethane that can be used
as fuel for transportation and power generation.
The GAYA Project aims to demonstrate the industrial,
technical and economic feasibility of biomethane production
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by biomass gasification in France. The technology selected, a
fast internally circulating fluidized bed reactor, couples a
bubbling fluidized bed reactor (FBR) for gasification and a
transported bed reactor for combustion. In the gasifier, the
biomass is pyrolyzed in an atmosphere composed of steam,
resulting in the production of gas (~70% mass fraction), tar
(~15% mass fraction) and char (~15% mass fraction). The py-
rolysis products subsequently react among them and/or with
the steam present in the atmosphere. The char is partially
gasified during its residence in the gasifier. In the combustor,
the oxidation of the remaining char provides the required heat
for biomass thermochemical conversion in the gasifier which
is globally endothermic.
The char residence time in the gasifier needs to be opti-
mised in order to simultaneously maximize the syngas pro-
duction through char steam gasification and leave enough
residual solid for burning in the combustor to keep auto-
thermicity. The control of char residence time in the gasifier is
then a key parameter of the process. For this purpose, the
understanding of char gasification kinetics on the conditions
of interest and the development of a predictive model is
essential. The gasification model should then be integrated
into a reactor model which describes biomass decomposition
in a FBR. Noubli et al. [1] describes the modelling approach
selected for the reactor model.
Major part of the studies about char gasification in liter-
ature focuses on chemical kinetics, neglecting heat andmass
transfer phenomena. Chemical kinetics is typically deter-
mined with experiments in a thermogravimetric analyzer
(TGA), which enables to work on controlled conditions.
Nevertheless, in industrial FBR, biomass feedstock usually
consists of large particles: char gasification may then be
limited by heat and mass transfer phenomena. Literature
about macrosized char particles gasification, which is much
less abundant in comparison to intrinsic kinetic studies, puts
into evidence the limitation by transfer phenomena. Glob-
ally, a decrease of gasification rate is observed by increasing
the char particle size. The critical char size from which
transfers become limiting depends on the chemical and
physical characteristics of the fuel, as well as on the reactor
operating conditions. In the case of spherical wood char,
several works agree that this critical size is located in the
scale of the millimeter [2e4] in the temperature range of
800e1000 "C. A critical size in the same order of magnitude
has been found for char from woodchips by Van de Steene
et al. [5].
In order to describe the gasification of large char particles,
several models considering chemical kinetics and transfer
phenomena have been developed, either structural or volu-
metric [5e10]. These models describe the local changes in
internal structure with conversion, notably pore develop-
ment, but require too high computing capacities to be inte-
grated in a reactor model. On the other hand, several studies
have used analytical and semi-analytical approaches in order
to simplify char gasification modelling. These approaches
attempt to capture the main chemical and physical phe-
nomena in a way as simple as possible [11e15]. Other authors
have employed simple empirical correlations, as Standish
et al. [16] who have included the initial particle size, raised to a
power of 0.81, in an nth order apparent kinetic expression.
Teixeira et al. [17] developed an empirical correlation of con-
version rate as a function of the operating conditions, namely
temperature and reagent partial pressure, and char particle
characteristics, namely size, porosity and pre-exponential
factor.
More information about large char particles gasification
models is provided in an extensive review by Gomez-Barea
[18].
The objective of the present work, performed in the
context of GAYA project, is to characterize and model steam
gasification of large char particles. The char gasificationmodel
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will be integrated into a reactor model among other sub-
models, in a similar way as described in the work of Kramb
et al. [19]. The gasification model should be predictive and as
simple as possible in order to limit the complexity of the final
reactor model.
For this purpose, thermogravimetry experiments were
performed in a macro TGA with char samples of different
sizes, prepared from woodchips fast pyrolysis. Woodchips
were chosen for this study, as they are representative feed-
stock in industrial fluidized beds. This differs from what is
usually studied in literature, namely a spherical geometry.
Fast pyrolysis was selected as the most propitious way to
reproduce char formation conditions in a FBRwhere the global
heat transfer coefficients are high, commonly estimated to be
in the order of 100 W $m#2$K#1 [20e22].
2. Materials and methods
2.1. Description of the woodchips
Char samples were prepared from fast pyrolysis of beech
woodchips, which is one of the most preferable feedstock in
GAYA project. The woodchips, provided from a French
forestry cooperative, are issued from forests located in the
middle of France. The woodchips were stored in closed room
for several months before use.
The composition analysis of wood, provided by the sup-
plier, is found in Table 1. The size of the woodchips is very
heterogeneous, with the width and length varying from some
mm to a few cm, and the thickness varying from some 0.1mm
to a few mm.
2.2. Description of the macro TGA
The experimental work was based on experiments in a
homemadeMacro TGA. The concept of this device is similar to
that of a conventional TGA, i.e. an online measurement of the
mass sample during the transformation. Two main features
distinguish this experimental facility:
$ The sample is not heated at the same time as the furnace.
In fact, it is rapidly introduced into the heated zone of the
reactor, already at the set temperature. Thereby, the
heating fluxes in this device are high;
$ The device can accept large particles and higher mass
loads.
Fig. 1 displays a scheme of the macro TGA. The furnace
consists of a vertical alumina tube of 75 mm in internal
diameter and 1.2 m in height, heated by an electric furnace.
The carrier gas is preheated and introduced at the top of the
reactor, from where it flows towards the bottom.
The sample is contained in a platinum crucible, fixed to
an alumina support which can be introduced at different
heights of the reactor by the means of a manual crank
handle. The walls of the crucible consist in a grid which
offers an easy evacuation to the gas. This minimizes the risk
of a gas stagnant layer formation in the crucible, which can
lead to external transfer limitations [23]. The crucible and its
supports stand on a 0.1 mg precision balance linked to a
computer which records the mass evolution as a function of
time.
The introduction of the sample into the reaction zone at
the target temperature takes some seconds.
2.3. Preparation of char samples
The char particles were prepared from the woodchips py-
rolysis in the macro TGA device. In this apparatus, the
sample is rapidly introduced into the heated zone of the
reactor where the heating rate is estimated to be in the
order of 100 W$m2$K#1 or 100 K$s#1 [24]. Pyrolysis in the
macro TGA was performed at 850 "C, which is the FBR
operation temperature considered in Gaya project, under an
inert N2 stream flowing around the sample at a velocity of
0.2 m$s#1.
Woodchips with regular parallelepiped shape were
selected for pyrolysis. The shrinking factor, calculated as the
ratio between thickness after and before pyrolysis, is similar
for the different particle sizes, and corresponds to approxi-
mately 0.6. The char yield was comprised between 0.12 and
0.15 g$kg#1 of dry biomass, depending on the particle size. In
fact, the char yield tends to decrease by decreasing the par-
ticle size. This classical result can be attributed to higher
internal heating rates for the smaller particles, as it is well
known that higher heating rates lead to lower char yields.
The char samples were classified by thickness, which is the
representative dimension with respect to gasification reac-
tion rate for char from woodchips, as demonstrated by Van
de Steene et al. [5]. Table 2 shows, for each sample group, the
char dimensions and the thickness of the corresponding
woodchips.
For each pyrolysis batch, the crucible is loaded as full as
possible with woodchips of the same thickness range, while
considering that there has to be enough space between par-
ticles in order to avoid contact. The mass load depends on the
wood particle size. For the smallest particles, around 150 mg
of woodchips can be placed on the crucible, while for the
largest ones the load can go up to 4 g. The crucible is then
placed in the heated zone of the macro TGA and maintained
there until the mass is completely stabilized, i.e. during
approximatively 8 min.
Table 1 e Composition analysis of wood chips.
Moisture mass fraction (%) Ash dry mass fraction (%) Ultimate analysis (m.a.f) element mass fraction (%)
C H O N
7 0.5 49.4 5.7 44.5 0.3
2.4. Gasification experiments
Gasification experiments were performed in the macro TGA.
Firstly, the crucible is loaded with char from the same sample
group so as to avoid contact between particles. The mass load
can vary from 0.1 to 0.5 g, depending on the char sample. The
introduction of the sample into the reactor is performed under
an inert N2 atmosphere. After the stabilization of the mass
sample, which can take several minutes, the atmosphere is
turned into a mixture of steam and N2. Once the sample mass
stops to decrease, the sample is removed from the reactor. At
this stage, only ash remains on the crucible. A gasification run
can last from an hour to 10min, depending on the sample and
the experimental conditions.
The operating conditions to test were the temperature e
between 750 and 950 "Ce, the steam concentratione between
15 and 50%mole fraction e, and the velocity of the carrier gas
e 0.2 and 0.4 m$s#1. For one of the experiments, a small H2
mole fraction of 4% was introduced into the gasification at-
mosphere. A couple of experimentswere conducted under air.
Gasification experiments were performed with samples in
their raw form to determine apparent kinetics or as a powder
Fig. 1 e Scheme of the macro TGA facility.
Table 2 e Char samples groups segregated by particle thickness.
Sample reference Wood chips thickness
(mm)
Char dimensions (mm) Mean char thickness
(mm)
Characteristic length
(mm)Thickness Length Width
0.6 mm 0.5e1.5 0.3e0.9 4e12 2e6 0.7 0.27 ± 0.01
1.2 mm 1.5e2.5 0.9e1.5 e e 1.3 e
1.8 mm 2.5e3.5 1.5e2.1 10e17 4e13 1.8 0.66 ± 0.01
2.4 mm 3.5e4.5 2.1e2.7 e e 2.3 e
3.0 mm 4.5e5.5 2.7e3.3 15e25 4e17 2.8 0.93 ± 0.12
to determine intrinsic kinetics. The latter was obtained after
grinding char particles and sieving the resulting ground
sample to a particle size inferior to 250 mm. Prior to a gasifi-
cation experiment, the ground char was spread on the cruci-
ble surface as a monolayer, in order to minimize the eventual
interparticle limitations which can appear in beds with a
height above 3 mm [23].
The overall of the experiments is summarized in Table 3.
No pre-treatment or pre-drying is performed in the char
samples. Themoisture content was experimentally verified to
be quite uniform between different char batches, around 4%
of the total mass.
From the mass loss measured during macro TGA experi-
ments, the conversion X(t) and reactivity R(t) were calculated
using Equations (1) and (2) respectively. An average reactivity
Rref, corresponding to the mean value in the conversion range
of 20e80%, was selected for each experiment as reference.
XðtÞ ¼ m0 #mðtÞ
m0
(1)
RðtÞ ¼ 1
mðtÞ$
dm
dt
(2)
For each experimental case, the experiment was repeated
from 2 to 5 times. The error bar of the reactivity was calculated
from the replicates, by applying a t-Student distribution in a
90% confidence interval.
Special runs in the macro TGA were performed in order
to measure the temperature within char particles during
gasification. For this, a K-type thermocouple of very thin
diameter, 0.25 mm, in order to minimize thermal pertur-
bations, was placed at the centre of the particle, before
introduction into the heated zone. This experiment was
performed for 1.8 mm and 2.4 mm samples, at different
reactor temperatures e 840 "C and 880 "C e, and under a
steam mole fraction of 35% in the atmosphere. No temper-
ature measurements could be performed above 880 "C
because the material of the thermocouple could be
damaged.
2.5. Char characterization
Char morphology was characterized through the measure-
ment of the bulk density, the apparent density and the specific
surface area.
The bulk density wasmeasured using a pycnometer model
Micromeritic AccuPyc 1330. The apparent density was calcu-
lated by weighing the mass and measuring the particle di-
mensions to deduce the volume. The specific surface area was
measured using a BET analyzer model Micromeritics Tristart II.
From the bulk density rbulk and the apparent density rapp, it
is possible to calculate char porosity ε from Equation (3). For
technical reasons, the pore size distribution could not be ob-
tained in the BET analyzer. Only themean pore radius rp could
be estimated from the porosity, specific surface area Sp and
apparent density, through Equation (4).
ε ¼ 1#
rapp
rbulk
(3)
Table 3 e Reactivities, Thiele modulus and efficiencies for all the experiments.
Experiment Reference reactivity (min#1) Thiele modulus Efficiency
Sample T ("C) % H2O Ug (m$s
#1) Exp Model Deviation Model Model
Ground 1.8 mm 750 35 0.2 0.045 ± 0.012 0.046 2% <0.3 1.00
Ground 1.8 mm 780 15 0.2 0.076 ± 0.020 0.066 13% <0.3 1.00
Ground 1.8 mm 780 25 0.2 0.10 ± 0.03 0.092 8% <0.3 1.00
Ground 1.8 mm 780 35 0.2 0.13 ± 0.01 0.12 8% <0.3 1.00
Ground 1.8 mm 800 35 0.2 0.20 ± 0.04 0.21 5% <0.3 1.00
Ground 0.6 mm 850 25 0.2 0.53 ± 0.01 e e e e
Ground 3.0 mm 850 35 0.2 0.44 ± 0.05 e e e e
Ground 1.8 mm 950 35 0.2 1.28 ± 0.92 e e e e
0.6 mm 850 35 0.2 0.41 ± 0.03 0.46 12% 1.6 0.57
1.2 mm 770 25 0.2 0.054 ± 0.005 0.058 7% 0.8 0.84
1.2 mm 870 45 0.2 0.47 ± 0.33 0.47 0% 3.4 0.29
1.2 mm 850 35 0.2 0.29 ± 0.02 0.28 3% 2.8 0.35
1.8 mm 750 35 0.2 0.049 ± 0.010 0.039 20% 0.7 0.86
1.8 mm 780 35 0.2 0.086 ± 0.017 0.079 8% 1.2 0.69
1.8 mm 800 35 0.2 0.096 ± 0.020 0.11 15% 1.7 0.55
1.8 mm 850 15 0.2 0.12 ± 0.01 0.11 8% 4.3 0.23
1.8 mm 850 15 þ 4% H2 0.2 0.094 ± 0.001 e e e e
1.8 mm 850 35 0.2 0.22 ± 0.02 0.22 0% 3.8 0.27
1.8 mm 850 50 0.2 0.30 ± 0.17 0.29 3% 3.5 0.28
1.8 mm 900 35 0.2 0.35 ± 0.04 0.36 3% 7.8 0.1
1.8 mm 950 35 0.2 0.59 ± 0.18 0.58 2% 15.2 0.07
1.8 mm 950 35 0.4 0.51 ± 0.3 0.58 2% 15.2 0.07
1.8 mm 950 0 þ 21% O2 0.2 0.71 ± 0.01 e e e e
1.8 mm 950 0 þ 21% O2 0.4 1.28 ± 0.19 e e e e
2.4 mm 850 35 0.2 0.17 ± 0.11 0.17 0% 4.8 0.21
2.4 mm 930 10 0.2 0.12 ± 0.05 0.13 8% 18.8 0.05
3.0 mm 850 35 0.2 0.17 ± 0.01 0.15 12% 15.2 0.07
rp ¼
4$ε
Sp$rapp
(4)
The bulk density measurements were repeated twice. The
apparent density was measured for 15 to 40 particles for each
sample group. Similarly to reactivity (Section 2.4), a t-Student
distribution was applied to calculate the error bar in a confi-
dence interval of 90%. The error bar of porosity was calculated
through the error propagation from the apparent and bulk
densities. The specific surface area measurement could only
be performed once due to practical reasons. Therefore, the
values of specific surface area and mean pore radius are a
rough estimation.
The char samples characteristics are displayed in Table 4.
It can be seen that the overall of char samples own a pre-
dominant macroporous structure (rp > 50 nm) and have a
porosity around 85%. The bulk and apparent densities are
similar between the samples.
3. Model development
In the FBR model to develop in Gaya project, the gasification
model should predict the reaction rate during char conversion
as a function of the operating conditions and particle
characteristics.
For this, a model based upon the effectiveness factor was
selected to model gasification. This approach is classically
used to model heterogeneous reactions within a porous
catalyst. As it is well known, gasification is a relative slow
reaction which occurs within char pores, with similar mech-
anisms than those from heterogeneous catalysis. This type of
model is more suitable to model gasification than surface re-
action models, such as the shrinking core model, which are
more adapted to fast reactions occurring at the solid surface,
like oxidation. Moreover, the selected modelling approach
avoids mathematical and computational complexity, which
can lead to considerable time saving during its integration into
the reactor model.
Some of the expressions from the modelling approach
adopted here will consist in empirical coefficients obtained
from data fitting, in order to remain the simplest and themost
precise possible for the use of the model in the industrial
context of the study.
3.1. General form of the model
In the effectiveness factor modelling approach, the gasifica-
tion reaction rate rapp can be calculated by means of Equation
(5).
rappðXÞ ¼ h$rint$fðXÞ (5)
This modelling approach considers both chemical kinetics
with the term rint and transfer limitations with the effective-
ness factor h. The latter can be written in different ways
depending on the limiting transfer phenomena involved and
the particle geometry. In the case of reaction rate controlled by
chemical kinetics and porous diffusion for isothermal parti-
cles, the effectiveness factor can be written in its generalized
form as shown in Equation (6). This expression can be
employed for nth order reactions on the condition of using the
normalized Thiele modulus Ф, dimensionless number
comparing the intrinsic reaction rate rint and the porous
diffusion rate rD as shown in Equation (7).
h ¼ tanhðfÞ
f
(6)
f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi"
1þ n
2
#
$
rint
rD
s
(7)
The surface function f(X) describes the modification of the
reaction rate as a function of conversion.
In the present study, gasification is initially assumed to be
controlled by chemical kinetics and porous diffusion, and to
occur in an isothermal particle. This implies that external heat
and mass transfers are not rate limiting, as well as internal
heat transfer. The validity of these assumptions is discussed
later in Section 4.
3.2. Calculation of the characteristic length
The characteristic length Lc, defined as the ratio between the
particle volume and surface, represents char particle size in
the model. The characteristic lengths of the char samples,
measured for several particles, are given in Table 2.
An empirical relationship of the characteristic length as a
function of thickness x (8) was established through mathe-
matical fitting of the experimental data. The form of this
expression is similar to that from an infinite long slab particle
of very low thickness: Lc ¼ x/2.
Lc ¼ x=3 (8)
3.3. Calculation of the intrinsic reaction rate
The intrinsic reaction rate is expressed as seen in Equation (9).
The char molecular weight Mchar is supposed to be equivalent
to that of carbon: 0.012 kg$mol#1. This assumption can be
justified as char is typically mainly composed of carbon. The
apparent density was represented as the average from the
values measured for the different char samples (Table 2):
225 kg$m#3.
rint ¼
kint$rapp
Mchar
(9)
The chemical kinetics constant kint follows an Arrhenius
law of nth reaction order with respect to the reagent, here the
steam, as shown in Equation (10).
kint ¼ k0$expð # Ea=R$TÞ$PnH2O (10)
Table 4e Char characteristics for the 0.6mm, 1.8mmand
3.0 mm char particles.
Sample rbulk
(kg$m#3)
rapp
(kg$m#3)
ε
(%)
Sp
(m2$g#1)
rp
(nm)
0.6 mm 1592 ± 297 250 ± 28 84 ± 18 ~120 ~110
1.8 mm 1712 ± 130 219 ± 10 87 ± 8 ~150 ~110
3.0 mm 1676 ± 282 211 ± 20 87 ± 17 ~120 ~140
The kinetic parameters in this equation e k0, Ea, n e were
determined from experiments in the macro TGA, performed
at low temperatures with ground sample in order to be in a
kinetically controlled regime. Three temperatures e 750, 780
and 800 "Ce and three steammole fractionse 15, 25 and 35% -
were tested. It was experimentally verified that the intrinsic
reactivity does not differ when changing the char particle size.
The values of the activation energy Ea, pre-exponential
factor k0 and of the order of the reaction n were graphically
deduced from the measured reactivities using equation (11),
by plotting ln(Rref) versus f((T
#1)) and ln(Rref) versus ln(PH2O):
Ea ¼ 275 kJ$mol#1; k0 ¼ 7.349$107 s#1$Pa#0.65; n ¼ 0.65.
ln
$
Rref
%
¼ lnðk0Þ þ n$lnðPH2OÞ # Ea=R$T (11)
In order to verify the absence of transfer limitations in the
kinetic parameter determination, additional experiments
were performed at 850 "C and 950 "C with ground char sam-
ples, in an atmosphere of 35% steam mole fraction. Fig. 2
presents the plot ln(Rref) versus f((T
#1)) in the range
750e950 "C. It was found that for temperatures above 800 "C,
the activation energy decreases from 275 to 135 kJ$mol#1,
which reflects a regime change. The high value of the activa-
tion energy between 750 "C and 800 "C suggests that ground
char gasification occurs in a kinetically controlled regime
below 800 "C. Above this temperature, the decrease of the
activation energy may suggest that transfers become limiting.
3.4. Calculation of the diffusion rate
The diffusion rate is classically expressed as shown in Equa-
tion (12). The steam concentration CH2O corresponds to the
concentration on char external surface which is the same as
that found in the reactor, as external mass transfers are
assumed not limiting.
rD ¼
D
L2C
$CH2O (12)
The steam concentration CH2O can then be expressed by
means of temperature T and steam partial pressure PH2O
through the perfect gas law, as displayed in Equation (13).
CH2O ¼
PH2O
R$T
(13)
In this model, the diffusion coefficient D was represented
by an empirical expression (14), whichwas developed through
mathematical fitting of the values obtained so that the
apparent reactivity calculated from themodelmatches to that
experimentally measured. The experiments used for this
propose were the gasification of 3 mm char samples at 780 "C,
800 "C, 850 "C, 900 "C and 950 "C.
D ¼ 2:53$1011$T#3:8 (14)
The diffusion coefficient calculated from Equation (14) is in
the order of 10#6 m2$s#1 in the temperature range of
750 "Ce950 "C. This value is considerably lower than that
could be expected after theoretical calculations, in the order of
10#5 m2$s#1 (refer to Appendix). This difference suggests that
supplementary phenomena, apart from porous steam diffu-
sion, could be included in the diffusion coefficient. These
phenomena would also explain the atypical trend of the
diffusion coefficient with temperature. In fact, the diffusion
coefficient theoretically increases by increasing temperature,
on the contrary to the trend observed in Equation (14).
In the present model, the diffusion coefficient will be then
considered as a global function which includes porous steam
diffusion and supplementary phenomena. In Section 4, as-
sumptions about possible causes of the supplementary rate
limiting phenomena will be provided.
3.5. Calculation of the surface function
During gasification, modifications in the char solid matrix
occur and affect the reaction rate due to variations of con-
centration and reactivity of the reactive sites. These modifi-
cations are very difficult to characterize and so their
modelling can be very complex. Therefore, a surface function
is usually used to implicitly describe the reactive surface
evolution during the transformation. The experimental sur-
face function can be obtained by the ratio of reactivity at a
given conversion with respect to the reference reactivity,
f(X) ¼ R(X)/Rref.
Fig. 3 shows the experimental surface functions obtained
until 80% of conversion for several experimental cases.
Beyond 80% of conversion, the surface functions are not reli-
able, because of the high uncertainty in the sample mass at
the final stage of the transformation.
Fig. 2 e Logarithm of reactivity versus the inverse of
temperature in the range 750 "Ce950 "C.
Fig. 3 e Surface function calculated from for different
experimental cases.
It can be seen that the surface functions globally increase
with conversion, which implies a reactivity increase as the
reaction proceeds. In the case of biomass, this is classically
explained by a reactive surface growth during the trans-
formation and by the increase of inorganic matter concen-
tration, which leads to a higher catalytic activity [25].
The surface functions from Fig. 3 are very close one to each
other. This same trend was observed for all other experi-
mental cases, not represented here. Therefore, the profile of
the surface function during conversion seems to be indepen-
dent from the particle size and the operating conditions. The
same surface function can be then applied whatever the
experimental case. Different kind of surface function models,
based on physical or empirical concepts, exist in literature. To
remain the simplest and the most precise possible in the
present model, an empirical fitting 6th degree polynomial (15)
was selected to represent the surface function, as frequently
done in literature [5,14,26].
fðXÞ ¼ 34:228X6 # 69:460X5 þ 49:267X4 # 7:903X3 # 2:653X2
þ 1:633Xþ 0:345 (15)
4. Results and discussion
In this section, the experimental findings, on which themodel
is based, will be presented and discussed. Afterwards, the
model accuracy will be tested by comparing its results with
the experiments, and its pertinence with respect to models
from literature will be discussed.
4.1. Experimental characterization of steam char
gasification
4.1.1. Effect of temperature, atmosphere composition, gas
velocity and particle size
Fig. 4 presents the effect of temperature (a), atmosphere
composition (b), gas velocity (c) and particle size (d), on char
reactivity. Generally, reactivity is higher by increasing the
temperature and steam concentration in the atmosphere, and
by decreasing particle size. Gas velocity does not show any
considerable effect on reactivity. Moreover, the addition of H2
in the atmosphere leads to a slight decrease of reactivity.
The considerable increase of reactivity with increasing
temperature suggests that chemical kinetics influences char
gasification (Fig. 4a). Nevertheless, the low apparent activa-
tion energy measured from these experiments, 16 kJ$mol#1,
shows limitation by transfers. This is confirmed in Fig. 4d
where char reactivity decreases with increasing particle size
following a raised #0.6 power law with respect to thickness.
This result is close to the findings from Standish et al. [16],
which observe a power law relation between particle size and
reactivity raised to power #0.8.
Char reactivity depends on steam concentration, which
has a positive influence in both chemical and transfer phe-
nomena. In Fig. 4b, the apparent order of the reaction is about
0.8, which is intermediary between the values from a kineti-
cally controlled regime e order 0.64 e and a regime only
controlled by transfers e order 1.
Fig. 4 e Reference reactivity measured in macro TGA
experiments versus temperature (a), atmosphere
composition (b), gas velocity (c) and particle size (d). The
references conditions are: 850 "C, steam molar fraction of
35% in the atmosphere, gas velocity 0.2 m·s¡1, 1.8 mm
sample.
In Fig. 4c, the steam gasification reactivities for the two gas
velocities are very close. It can be then assumed that external
transfers are not rate limiting. As these experiments were
performed under the experimental conditions more propi-
tious to external transfer limitations, i.e. at the highest tem-
perature - 950 "C -, the neglecting effect of external mass
transfer has to be the same at lower temperatures. In order to
test the reaction rate sensibility with respect to the gas ve-
locity in the macro TGA, experiments were performed in a
known situation where reaction rate is strongly controlled by
external mass transfers, namely char oxidation. In this case,
which is also presented in Fig. 4c, a reactivity increase with
increasing gas velocity could be clearly observed.
Fig. 4c shows that the presence of H2 in the gasification
atmosphere has a negative impact on reactivity. As it is well
known, H2 can induce to gasification inhibition. This can
occur at low H2 concentration and atmospheric pressure ac-
cording to the present work, and could then be one of the rate
limiting phenomena included in the diffusion coefficient from
the model (refer to Section 3.4). As stated by Gomez-Barea
et al. [2], the gasification products e H2 and CO e during its
diffusion out of the particle may influence the reaction rate.
For future works, the contribution of H2 inhibition on the
gasification reaction rate could be implicitly included in the
model, for example by LangmuireHinshelwood type chemical
kinetics.
4.1.2. Temperature evolution within char particles
As gasification is an endothermic reaction, a temperature
gradient can appear inside the particle. If this is the case,
temperature is lower inside the particle than at its surface
during the transformation, which can lead to the decrease of
the global reaction rate. If internal heat transfer is fast
enough, the particle remains isothermal during the trans-
formation. Table 5 shows the temperatures measured within
the 1.8 mm and 2.4 mm char particles during gasification ex-
periments at 840 "C and 880 "C, under an atmosphere of 35%
steam mole fraction.
During gasification, the particle temperature decreases of
some "C for both samples. The maximum temperature
decrease measured for each case was: 2 "C and 11 "C for
respectively 1.8 mm and 2.4 mm samples at 840 "C; 8 "C and
14 "C for respectively 1.8 mm and 2.4 mm samples at 880 "C.
Therefore, the transformation in this study cannot be rigor-
ously considered as isothermal. The assumption of isothermal
transformation for the model is then only an approximation,
which can be valid for small particles and relative low tem-
peratures. In the studied cases from this section, gasification
could only be approximated as isothermal for the gasification
of 1.8 mm sample at 840 "C.
At the higher temperatures, it could be possible that the
decrease of temperature within the particles leads to a
decrease of the global reaction rate, particularly for large
particles. In these conditions, the decrease of reaction rate by
the endothermic character of gasification could be another of
Table 5 e Temperature measured within the 1.8 mm and 2.4 mm samples, during gasification experiments at 840 "C and
880 "C, in an atmosphere of 35% steam molar fraction.
Sample Reactor temperature
("C)
Particle temperature before
gasification ("C)
Minimum particle temperature
during gasification ("C)
1.8 mm 840 836 834
880 876 868
2.4 mm 840 836 825
880 874 860
Fig. 5 e Experimental and modelling conversion rate
during the gasification of: (a) 1.8 mm particles at different
temperatures, in an atmosphere of 35% steam molar
fraction; (b) different particle sizes at 850 "C in an
atmosphere of 35% steam molar fraction; (c) 1.8 mm
particles at 850 "C, under different steam concentrations in
the atmosphere.
the rate limiting phenomena included in the diffusion coeffi-
cient from the model (refer to Section 3.4).
4.2. Results from the steam char gasification modelling
Fig. 5 displays the experimental and predicted conversion
profile obtained during char particles gasification as a func-
tion of temperature (a), particle size (b) and steam concen-
tration (c). Note that the experimental results as a function of
temperature (Fig. 5a) are directly involved in the develop-
ment of the model, which is not the case for those as a
function of particle size (Fig. 5b) and steam concentration
(Fig. 5c).
It can be seen that the modelling results are, globally, in
good agreement with the experimental data.
In Fig. 6, the model was confronted to additional experi-
mental cases which were selected randomly and were not
used for themodel development. It can be seen that themodel
gives also accurate predictions.
The reactivities, as the Thiele moduli and efficiences
computed from the model, for the overall of the experi-
ments are displayed in Table 3. It can be seen that the
overall of experimental cases are spread in a wide range of
efficiencies and Thiele moduli. The deviation between the
experimental and modelling reactivities is within the error
bar and is globally lower than 10%. Some cases exceed this
value, but never go beyond a deviation of 20%. This confirms
the reliable predictions of the model in the conditions of
interest.
Compared to the model developed in the present work,
volumetric and structural models (refer to Section 1) can
provide more detailed information about the transformation
during gasification, such as: local conversions; temperature,
gas concentration, pressure gradients with the particle; var-
iations in the reactive surface; local variations of the diffusive
and convective permeability parameters; local evolution of
porosity; etc … However, these type of models present too
much complexity with respect to the fixed industrial
purpose.
The model proposed by Gomez-Barea et al. [14] adopted
the effectiveness factor approach, as in this work, to model
spherical char particles gasification with CO2. In comparison
to the present study, it provides a better description of
gasification, by clearly describing the individual contribu-
tions of the chemical kinetics, porous diffusion, internal heat
transfers and external transfers on reaction rate. Nonethe-
less, the model from the present work is approached in a
simpler way, with the same accuracy than from Gomez-
Barea et al. [14].
The model developed by Teixeira et al. [17] was success-
fully validated for char from woodchips pyrolysis. This orig-
inal approach is simpler than that presented in this work,
however it is purely empirical, based on mathematical fitting
of the experimental data.
5. Conclusions
A semi-empirical model was developed from thermogravi-
metric experiments. Under the explored conditions, gasifi-
cation of char from woodchips fast pyrolysis is controlled
by chemical kinetics and internal transfer phenomena.
The external transfers show to be not rate limiting.
Gasification has been verified to be isothermal only under
certain conditions, more likely at low temperature and
particle size.
The diffusion coefficient in the model, obtained from
experimental data fitting, is suspected to probably include
supplementary rate limiting phenomena, apart from steam
porous diffusion. In particular, the diffusion coefficient
could include the inhibition by the product H2 while
diffusing out of the particle. Gasification experiments by
adding a few mole fractions of H2 in the atmosphere show
that H2 inhibition is possible even at low concentrations.
Another rate limiting phenomenon could be the decrease of
temperature within the particle during gasification due to
the endothermic character of the reaction, leading to a
decrease of chemical kinetics. Temperature measurements
within char particles show that gasification at relative high
temperatures can lead to a considerable decrease of char
temperature particularly by increasing particle size. Under
these conditions, the transformation cannot be considered
anymore as isothermal.
The gasification model predicts with accuracy the experi-
mental results in the operating conditions of an FBR. For its
simplicity and reliability in the conditions of interest, this
approach is suitable to be used for the description of char
gasification into a FBR model.
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Appendix
Diffusion in a porous solid is usually considered to be
controlled by both molecular and Knusden diffusion, which
can be calculated through Equations (A1) and (A2) respec-
tively. The global diffusion coefficient depends on the solid
internal morphology, namely porosity and tortuosity, and on
the inverse sum of the diffusive resistances, as shown in
Equation (A3).
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The molecular weights used in Equations (A1) and (A2)
are: Mchar ¼ 0.012 kg$mol#1 (same molecular weight than
carbon); MH2O ¼ 0.018 kg$mol#1; MN2 ¼ 0.028 kg$mol#1. The
diffusion volumes employed in Equation (A1) are:
(SY)H20 ¼ 12.7; (SY)H20 ¼ 17.9. The mean porous radius rp
estimated from experiments (Table 4) was used for the
determination of Knudsen coefficient diffusion (A2). The
tortuosity could not be directly measured, and the typical
value of the ratio ε/t proposed in literature for char from
biomass e 0.15 [9] e, was used for the calculation of the
global diffusion coefficient (A3).
From the calculations above, the diffusion coefficient is
estimated to be in the order of 10#5 m2$s#1 for the different
char samples in the temperature range of 800 "Ce950 "C.
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